. Peptides usually are released from nerve terminals during high-frequency neuronal activity as cotransmitters along with a primary small molecule transmitter (such as glutamate or serotonin). Small molecule transmitters act rapidly because they can be quickly degraded and removed from the synaptic cleft. Peptides, m contrast, produce longer-lasting actions, in part because there is no uptake mechanism or degradative system for them i n the synaptic cleft. Finally, small molecule transmitters are synthesized and enzymatically packaged in small vesicles at the presynaptic terminal, whereas peptide transmitters are synthesized on ribosomes in the cell body as part of inactive protein precursors, which are then cleaved into smaller, active forms and transported in large vesicles to the nerve terminals.
As cotransmitters, peptides typically enhance the primary transmitter's action but c a n also have distinct behavioral effects of their own, modulating homeostasis--particularly thirst (angiotensin) (3), feeding (neuropeptide Y and galanin) (4), and pain (enkephalin) (5 member of a family of polypeptide hormones that includes secretin, glucagon, and vasoactive intestinal polypeptide (VIP), is expressed in various peripheral tissues and in several regions of the brain, including the hypothalamus and hippocampus (7) . PACAP appears to function as a neurotransmitter by interacting with two types of seven-transmembrane-domain receptors. One receptor, which is positively coupled to adenylyl cyclase, also recognizes VIP, the closest family member to PACAP. A second receptor, which recognizes only PACAP, is linked to phospholipase C and adenylyl cyclase (8) . In neurons, PACAP increases intracellular cAMP (adenosine 3',5'-monophosphate) and calcium and promotes neurite outgrowth (9) . (13) . However, the identification of other mutations in these screens proved difficult because behavioral testing is time-consuming and the chemically mutated genes were not tagged, making cloning tedious. These obstacles slowed progress in the study of Drosophila learning over the next decade and almost brought it to a halt. Now, several technical advances have converged to overcome these impediments, moving the study of Drosophila learning to a new level (12, 14) . First, Tully et al. greatly improved the behavioral assays and developed techniques for studying both shortand long-term memory (14) . Second, Davis (12) carried out enhancer-trap screens for genes expressed in the mushroom body, a portion of the fly's brain thought to be critical for olfactory learning. Third, Quinn and his colleagues (15) used a heat-shock pro-SCIENCE * VOL. 268 * 12 MAY 1995 moter to study the effects of transient expression of a transgene on memory in the adult fly, thereby avoiding potential developmental defects. Their demonstration that the acute expression of a peptide inhibitor of protein kinase A (PKA) blocked learning provided direct evidence for the importance of the cAMP pathway in the adult fly. Finally, P-element mutagenesis, the method of tagging the mutated gene that was used by Feany and Quinn (i), was introduced to the study of memory in Drosophila by Tully and his colleagues (16) .
The finding of Feany and Quinn (1) that amnesiac encodes a PACAP-like peptide emphasizes once again the general importance of the cAMP system in learning and memory. This role for cAMP extends beyond Drosophila to Aplysia and mice. In Aplysia, cAMP is required for a learning-induced short-term facilitation in the synaptic connections between sensory and motor neurons of the gill-and tail-withdrawal reflexes (17) . During short-term facilitation, PKA enhances transmitter release by modifying the activity of various proteins in the presynaptic terminal. During long-term facilitation, the catalytic subunit of PKA is translocated to the nucleus, where it acts on transcription factors such as the cAMP response element binding protein (CREB) to produce the growth of new synaptic connections. Thus, CREB is essential for the switch from a covalently modified shortterm process to a transcriptionally dependent long-term process (18) . CREB is similarly important for long-term behavioral memory in Drosophila (I 9). Induction of an inhibitor of CREB under a heat shock promoter blocks long-term memory, and conversely, induction of a CREB activator enhances the formation of long-term memory. CREB and PKA are also important for some forms of spatial learning in mammals and for the transcriptionally dependent late phase of long-term potentiation (LTP) in the hippocampus (20) .
The central role of cAMP in memory storage in Drosophila, Aplysia, and rodents suggests that insights into learning in one context may be useful for analysis of the others. In Aplysia, reinforcing (unconditioned) stimuli applied to the tail initiate both short-and long-term facilitation by causing the release of the monoamine serotonin (5-HT). Serotonin activates adenylyl cyclase (21) , which strengthens synaptic connections in the reflex pathway of the conditioned stimulus. A peptide modulatory transmitter (small cardioactive peptide) seems to act in parallel with 5-HT to enhance the short-term process (22) . By analogy, it is tempting to suggest that amnesiac neuropeptides may be one type of modulatory transmitter released by the unconditioned stimulus (electric shock) pathway in Drosophila, and that these peptides engage receptors that activate adenylyl cyclase in neurons of the conditioned stimulus (olfactory) pathway (see figure) . If the analogy holds, it would suggest the interesting possibility that reinforcing (unconditioned) stimuli may activate monoaminergic or peptidergic modulatory systems and that these may produce functional changes in the pathway of the conditioned stimulus by activating the cAMP cascade. Dopamine, acting through adenylyl cyclase-coupled D1/D5 receptors in the prefrontal cortex of mammals, seems to function in this way to modulate working memory (23) . Dopamine similarly modifies LTP in the Schaffer collateral pathway of the rat hippocampus by acting through these receptors (24) .
Common to all of these learning-related pathways is the activation of adenylyl cyclase isoforms that are CaZ+-dependent and therefore well suited to associate two stimuli: They can be stimulated by both Ca > influx and Gas (25) . Thus, the Ca 2+-dependent adenylyl cyclase encoded by the rutabaga gene in Drosophila may be a coincidence detector for classical conditioning in olfactory learning in Drosophila. The amnesiac peptides released by the unconditioned stimulus may activate the cyclase through Gas, whereas Ca 2÷ influx, produced by activity in the conditioned stimulus pathway, may activate cyclase through Ca 2+-calmodulin. That PACAP-mediated transmission at the Drosophila neuromuscular junction is reduced in rutabaga mutant larvae supports this idea (26) .
This emphasis on cAMP in certain types of memory storage does not mean that other second messengers cannot have equally important roles in learning. In fact, although cAMP is present in bacteria and may be the most ancient second-messenger system, it typically acts in combination with other second-messenger cascades in eukaryotic cells.
In a broad sense, the role of adenylyl cyclase, PKA, and CREB in memory storage clearly shows that common peptides and second-messenger cascades can be used for uncommon purposes. To understand how specific memories can be stored in the brain by modulation of kinases that are shared with other cells of the body, we should recall Frangois Jacob's admonition that evolution is a tinkerer--it does not design from scratch. By means of their highly precise connections, the nerve cells of the brain can endow even common molecules with the specific actions necessary to achieve uncommon ends. This is reassuring for the molecular biology of memory storage, as it suggests that even mental functions have not escaped the conservative forces of evolution.
